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Introduction
The oceans' rich internal wavefield is an essential link in the energy cascade from large to small-scale motions and is a major source of energy available for vertical mixing. In the oceans' interior, dissipation of low-mode internal wave energy provides deep mixing that is crucial in maintaining the Meridional Ocean Circulation (see, e.g., the reviews by Garrett [2003] and Wunsch and Ferrari [2004] ). Elsewhere, in shallow shelf seas, vertical mixing across the seasonal thermocline maintains elevated summer time production [Sharples et al., 2007; Pingree and Mardell, 1981] , helping continental shelves to provide 15-30% of total oceanic primary production [Wollast, 1998; Muller-Karger et al., 2005] , despite only accounting for 5% of the global ocean area. Temperate shelf seas are therefore a significant CO 2 sink [Thomas et al., 2004; Borges et al., 2005] , and a critical link in the ocean-earth-atmosphere system.
Freely propagating internal gravity waves, supported by density gradients within the ocean interior, occupy a frequency range bounded below by the local inertial frequency (f 52Xsin ð/Þ5 1 15:9 cycles h 21 at a latitude /548:7 N), and at the higher end by the local buoyancy frequency, N. The two most energetic parts of the global internal wave spectrum are near-inertial waves with frequencies x f and the lunar semidiurnal frequency, M 2 . Using measurements made in the field, this paper describes (1) interactions between nearinertial waves and the semidiurnal internal tide and (2) the resulting energy fluxes in the wave band bounded by these frequencies in the Celtic Sea, a seasonally stratified section of the Northwest European Shelf (Figure 1 ).
The flux of internal wave energy past a given location provides an upper bound on the amount of energy available for dissipation and subsequent turbulent mixing across the shelf. Model parameterizations of the rate of dissipation, many based on energy transfer from large to small scales through wave-wave interactions and the evolving vertical shear structure, are not yet fully capable of reproducing the magnitude and episodic nature of turbulent events within the seasonal pycnocline [MacKinnon and Gregg, 2003a; Gregg, 1989; Polzin et al., 1995] . A focus here on the existence, impact, and physical mechanism behind tidalinertial wave coupling in the context of energy fluxes is therefore highly relevant to ongoing developments of these parameterizations.
Inertial oscillations and near-inertial waves are predominately generated by wind events. The response of the surface ocean to wind energy input at a broad band of frequencies is initially at x 5 f. This energy is subsequently spread over a narrow frequency band surrounding f, typically 0.1f wide, by mesoscale ocean processes [see van Haren, 2004, and references therein] . In the open ocean, convergences and divergences of inertial surface motion can force near-inertial disturbances downward into the interior [Alford, 2003; Alford et al., 2012] , providing a deep ocean energy flux comparable to that of the internal tide [Alford, 2003] . In the coastal ocean, changes in sea surface elevation at the coast drive inertial oscillations beneath the thermocline that are 180 out of phase with the those at the surface . This phase shift gives rise to a maximum in inertial shear across the thermocline and short-lived shear spikes that provide a mid-shelf source of energy for mixing and may increase the daily nitrate flux into the subsurface chlorophyll maximum by a factor of 17 Williams et al., 2013] . In tideless environments, such as the Baltic Sea, near-inertial motions drive enhanced dissipation rates that are the major source of mixing in deep water [van der Lee and Umlauf, 2011; Holtermann and Umlauf, 2012] . Where stratification intersects topography, the upwelling and downwelling associated with oscillatory inertial flow gives rise to the generation of near-inertial internal waves at frequencies slightly above the inertial period [Tintore et al., 1995; Davies and Xing, 2003 ]. These superinertial waves are then able to freely propagate horizontally and transport energy. The contribution that near-inertial waves and oscillations make to baroclinic energy fluxes in shelf seas however has received little attention.
Near-inertial and semidiurnal tidal currents do not operate in isolation. In fact, the Earths rotation features in Laplaces' tidal equations, so the barotropic tide propagates as an inertia-gravity wave. There is already evidence to suggest that near-inertial oscillations can regulate and modify the internal wavefield, both through linear and nonlinear interaction. For example, Shroyer et al. [2011] hypothesize that the amplitude of nonlinear internal waves (NLIW) may be impacted by the linear phasing in and out of near-inertial and semidiurnal motions, and the associated near-inertial shear constructively and destructively modulating the nonlinearity of wave evolution. Peaks at the M 2 1 f frequency, the sum frequency of inertial and semidiurnal motions, in both open ocean [Mihaly et al., 1998 ] and shallow sea environments [van Haren et al., 1999] provide further evidence of internal tide and wind-induced energy coupling. More generally, nonlinear wavewave interactions [Muller et al., 1986 ] mean that energy can be cascaded to higher frequencies and ultimately irreversible mixing [Garrett, 2001] .
The overarching aim of this paper is to investigate whether wind energy input into the surface of the ocean is able to enhance the on-shelf fluxes of linear baroclinic internal tidal energy generated at the shelf edge in a seasonally stratified shelf sea. We use our observations to quantify independent energy fluxes within the semidiurnal and near-inertial wave bands, and subsequently fluxes resulting from interactions between oscillations at these two frequencies. Our findings of increased horizontal transport of energy through the system during periods of strong inertial oscillations, and resolution of the spatial and temporal distribution of this extra energy is explained by nonlinear coupling between vertical inertial shear and semidiurnal vertical velocities.
Data Collection and Processing
Data used here were collected in the Celtic Sea, the widest section of the Northwest European Shelf ( Figure  1a ), as part of the UK FASTNEt project (Fluxes Across Sloping Topography of the North East Atlantic). Typical water depths range between 100 and 150 m and drop rapidly beyond the 200 m shelf edge contour to over 2000 m. The 500 km stretch of steep shelf edge is incised with over 30 deep and narrow canyons [Zaragosi et al., 2006] , which generate a highly complex three-dimensional baroclinic internal wavefield [Vlasenko et al., 2014] .
Our study site was located within the eastern branch of the Whittard channel system (Figure 1b) . Two moorings were deployed 26 km apart and 40 km on-shelf from the 200 m shelf edge contour for 11.9 and 15.7 days in June 2012. These moorings were well away from the internal tide generation zone, a problem which has caused bias in previous descriptions of the internal wavefield in the area [e.g., Green et al., 2008] . Both moorings, ST4 and ST5, consisted of full water column temperature chains and bottom mounted 150 kHz ADCPs recording full water column currents. A minimum of 2.5 m vertical bins and 2 min current ensembles, together with 1 min sampling from the temperature loggers (spaced 2 m apart across the pycnocline and 5-20 m apart in the surface and bottom layers), allows us to resolve the entire frequency range for internal waves, from the inertial to the buoyancy frequency. Table 1 provides full details of mooring instrumentation and setup at ST4 and ST5. A third mooring, ST3, consisting only of a bottom mounted 150 kHz ADCP provided full water column currents nearer the shelf edge ( Figure 1b ). Our date convention is such that yearday 1.5 is noon on the 1 January 2012.
All temperature loggers were cross calibrated before and after deployment to correct for any drifts and offsets. Additionally, all the Star-Oddi mini-temperature loggers were calibrated against the ships CTD (a Seabird 9plus). Velocity measurements in bins in which less than 100% of pings were recorded as good were rejected and filled using a vertical linear interpolation. A third-order low-pass Butterworth filter with a cutoff frequency of 1 0:05 cycles m 21 was applied to each velocity profile to reduce noise, and current direction at each mooring was corrected for magnetic variation (24.3 and 24.4 at ST4 and ST5, respectively). Temperature and current measurements were linearly interpolated onto coincident 1 min 3 2 m resolution grids. The top 12 and 21 m of current measurements were rejected at ST4 and ST5, respectively, owing to contamination by strong sea surface echos. Given the predominately mode-1 current structure and a midpycnocline depth (r 5 1027 kg m 23 ) that varied between 40 and 80 m (see section 3), it was appropriate to perform a nearest neighbor interpolation using the last good ADCP bin to complete the velocity profiles. The bottom 7 m was similarly estimated using the first good ADCP bin above the seabed. At each mooring, conductivity, temperature, and pressure were measured at six depths throughout the water column (see Table 1 ). Full water column profiles of salinity were therefore constructed using a linear three-dimensional interpolation function. First, using simultaneous recordings of temperature and salinity, a surface of the form salinity5Fðtemperature; timeÞ was fitted. Delaunay triangulation was then used to evaluate the salinity at instances where only temperature (and of course time) was measured. Although temperature is the leading order control on density during the summer in the Celtic Sea, a reliance on the accuracy of density perturbations in calculations of energy flux, coupled with some appreciable variability in salinity throughout the deployment, favored calculation of density using this salinity ''reconstruction. '' 3. Winds, Stratification, and Currents
Meteorological Conditions
Throughout the deployment, a number of strong wind events, associated with the passage of low-pressure systems, provided a range of wind stress conditions (Figure 2a ). The first storm, starting on day 166, lasted 2.5 days and at its peak drove wind speeds in excess of 20 m s 21 (recorded by the ships anemometer). A second, more impulsive, wind event on day 175 peaked at 15 m s 21 and developed just as rapidly, but died away in less than a day. The wind direction was predominately northeast and outside of storms averaged 5 m s
21
.
Water Column Structure
Coincident with the peak of the first storm on day 167, the thermocline deepens from 40 to 60 m, and surface waters cool by 1.1 C (Figures 2b and 2c 
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g is acceleration due to gravity, q the potential density, and q 0 the mean potential density between two layers. Surface temperatures are reestablished by day 176 ð> 14 CÞ and a broader, more diffuse thermocline is present with a lower N 2 of 1.5-2.25 3 10 24 s 22 . Semidiurnal thermocline displacements of up to 55 m (peak-to-trough) at ST4 dominate the time series, visually demonstrating the importance of the M 2 internal tide. High-amplitude (up to 40-50 m), high-frequency wave packets are also clearly visible within the troughs of the M 2 waves. Spectral analysis of the temperature within the surface layer, thermocline, and near the bed at both sites (not shown) reveals pronounced energy peaks at M 2 and at the shallow water over tides M 4 and M 6 . Using the buoyancy profiles (N 2 ) in Figure 2 , and solving the wave equation
, where f is the inertial frequency, k the horizontal wave number, w the vertical perturbation at depth z, and r the wave frequency, dynamical mode estimates of the mode-1 phase speed (c) and wavelength (k) of the semidiurnal internal tide are c 5 0.5-0.6 m s 21 and k 5 25-27 km, respectively.
Currents
Tidal analysis using six constituents ( Baroclinic currents within the near-inertial to semidiurnal band have a predominately mode-1 vertical structure (Figures 3c and 3d), with surface and subpycnocline currents for the most part 180 of out phase. This is confirmed by EOF analysis of the unfiltered time series where the first EOF mode, with one zero crossing at 48-58 m depth explains 65% and 75% of the variance in across and along-shelf baroclinic currents at ST5 (45% and 47% at ST4, respectively). Additionally, a well-defined second EOF mode, with two zero crossing points at depths of 20-35 and 104-119 m in the across, and along-shelf directions at both sites, accounting for between 11% and 16% of the variance, may be interpreted as the existence of a mode-2 baroclinic wave.
Although a short record, modulation in the intensity of semidiurnal baroclinic currents is not well correlated to the strength of the barotropic tide at either site. Approaching spring tides, above the pycnocline internal tidal currents increase steadily between days 170 and 173 (up to 0.1 m s 21 in an across-shelf direction) and are stronger than inertial currents (Figures 3a and 3b ). Post day 173, however, there is a sudden and somewhat unexpected drop in M 2 amplitudes. Coincidentally, the strength of near-inertial oscillations increases (up to 0.15 m s 21 ) and for a short while (about 1 day at each site), almost entirely dominate the record.
Despite this sudden generation of inertial motion in response to the wind event on day 174, one might expect a clearer spring-neap M 2 internal tidal current envelope to exist. The sharp transition from M 2 to f dominance is punctuated by a drop in energy within both of these wave bands on day 174 (Figures 4c  and 4f ).
There are peaks in baroclinic energy near the inertial-tidal interaction frequency M 2 1 f (56.98 h) within the pynocline and surface waters at both sites (Figures 4b and 4e) . Alford [2001] shows that spectral peaks at interaction frequencies can arise from near-inertial motions being heaved up and down by tidal displacement. The pycnocline spectra, recalculated by taking currents along the 1027 kg m 23 isopycnal (i.e., within a semi-Lagrangian frame), maintains a distinct clockwise peak at M 2 1 f, providing evidence that this energy peak has arisen through nonlinear interaction, where energy is transferred from the near-inertial and tidal peaks to different frequencies, and is not therefore an artifact of pycnocline heaving. A counter-clockwise peak within the pycnocline currents near M 2 -f does not persist in the semi-Lagrangian frame (not shown), suggesting that it results from a linear process. To provide clarity throughout our discussions, Table 2 summarizes the main wave and interaction frequencies and the notations that we adopt when referring to them.
Baroclinic Kinetic Energy
As a means of further assessing and comparing energy within the dominant M 2 and inertial bands, we calculate the baroclinic kinetic energy (KE). After subsampling the velocity record by forming 10 min averages of the baroclinic currents every hour, harmonic analysis was carried out at each depth for periods of 12.42 (M 2 ) and 15.93 (inertial) h. Since the beat frequency between M 2 and f is 56.4 h, these fits were performed within 58 h windows. For each window, the time-averaged vertical profile of KE was calculated for the two frequencies using:
where KE(z) is the profile of either the M 2 or inertial kinetic energy and uðzÞ 2 and vðzÞ 2 the time-averaged square cross and along-shelf velocity components calculated from the harmonic analysis. For the internal tide kinetic energy, the time average was performed over one tidal cycle, while for the inertial kinetic energy, the average was over one inertial period.
At ST5, inertial kinetic energy peaks on day 168, 2 days after the beginning of the first storm, and has been dissipated by day 170 (Figure 5e ), consistent with a decay scale of 2-3 inertial periods. The maximum depth-integrated KE f resulting from this wind event was 140 J m 22 (Figure 5f ). Higher-amplitude inertial oscillations following the storm on day 174 (Figures 4a and 4d ) lead to a greater and more prolonged increase in KE f , concentrated within the surface 15-20 m (Figures 5b and 5e ). At ST5, the near surface increase is accompanied by a second slightly deeper maximum across the thermocline at 100 mab (meters above bottom). This results in a larger depth-integrated peak in KE f on day 177 at ST5 (270 J m 22 ) compared to at ST4 (170 J m 22 ).
The evolution of semidiurnal kinetic energy at ST4 and ST5 is comparable before day 174. There are surface, mid-water column (between 40 and 100 mab), and near-bed maxima of comparable magnitudes centered on day 172. The depth-integrated KE M2 is 145 and 180 J m 22 , respectively (Figures 5a, 5c, 5d, and 5f). On day 174, at maximum spring tides, there is a decrease in KE M2 at both sites. Whereas at ST5, the depth-integrated internal tidal energy stays at 60-80 J m 22 for the remainder of the deployment, KE M2 at ST4 rises again, peaking on day 179 at 180 J m 22 , driven by further pulses in surface and midwater column energy.
Baroclinic Energy Fluxes
The total instantaneous baroclinic linear across-shelf energy flux resulting from the internal wavefield, F u 5u 0 p 0 , is calculated based on the correlation between velocity and pressure perturbations (u 0 and p 0 ), following Nash et al. [2005] . Assuming that the internal tide is hydrostatic, as the average buoyancy frequency during the deployments, 4 3 10 23 s 21 ( 4 min period), was 2 orders of magnitude higher than the dominant M 2 frequency, pressure perturbations are calculated from the hydrostatic equation:
where g is the gravitational acceleration constant and p 0 is the surface pressure calculated by requiring that the depth-averaged pressure perturbation be zero, 
The mean vertical profile, q, represents the water column in the absence of internal waves. During the deployment, the water column structure varied owing to the passage of a strong wind event. To account for this and help minimize the contribution of low-frequency, mesoscale variability to the perturbations, the overbar quantity was calculated as a running mean over six internal tidal periods. In practice, however, varying this averaging interval between 2 and 8 tidal periods had a minimal impact on the results.
Across-shelf velocity perturbations, u 0 , were calculated from: u 0 ðz; tÞ5uðz; tÞ2 uðzÞ2u 0 ðtÞ;
where uðzÞ is the time mean vertical profile, calculated as a running mean over six internal tidal periods, and u 0 ðtÞ is an unknown depth average velocity calculated by requiring that the depth-average velocity perturbation be zero, . These upper and lower limits, f0:9; 1:15gf , are the same as those used by Alford et al. [2012] to isolate near-inertial velocities. The band extends above and below f to allow for the potential raising and lowering of the ''effective'' inertial frequency by mesoscale motions. The ''effective'' inertial frequency, f eff 5f 10:5f, where f5ð We also calculate perturbations and flux across a frequency range encompassing both the semidiurnal and near-inertial bands, 1/11.2-1/18.3 cycles h 21 (u 0 T and p 0 T ), allowing any near-inertial-tidal interaction to be assessed. Note that U T is not a summation of the independent linear near-inertial and M 2 fluxes, U T 6 ¼ U M2 1U f , but a quadratic quantity containing cross terms. For the across-shelf component, F T , may be calculated from:
We will return to this later in the discussion. The instantaneous energy fluxes within each band are
T . Bracket averaging, hF x i x , is then carried out over integer wave periods, x, where x5M 2 or f. Depth integrals, Ð 0 2H hF x i x dz, are also presented. Where deployment mean figures are reported, the same coincident time period for both moorings is used. In all cases, positive across and alongshelf fluxes are NNE (on-shelf) and WNW, respectively.
Internal Tide Energy Fluxes
At ST4, the internal tide drove a net flux of 52 W m 21 WNW (283 ) along the shelf (Table 3) . Just 26 km (one IT wavelength) away at ST5, 30 W m 21 of energy propagated northward onto the shelf (14 ) throughout the deployment. These flux magnitudes represent 80% of the net flux driven by the full baroclinic internal wavefield. At both sites, the majority of flux vectors averaged over integer M 2 periods are oriented within 90 of each other, demonstrating that although different between sites, there is reasonable consistency and stability in the direction of internal tidal fluxes at each location (Figure 6c) The full temporal and vertical variability is shown in Figures 6a-6c , 7a-7c, and 8a-8c. At both sites, the net flux is off-shelf near the bottom (0.25-0.5 W m 22 ). At ST4, this is normal to the surface flux, but at ST5 opposite to the northward surface and mid-water column energy transport. The largest fluxes are sustained above the pycnocline and increase toward the surface. There is evidence at both locations of a weaker subpycnocline maxima, between 20 and 100 m above the bottom. This mid-water column feature is most prominent between days 170 and 174 at both sites. A second pulse is observed at ST4 on day 178, but is not so evident at ST5. This three-layer structure most likely results from the baroclinic mode-2 internal tide. On day 172, for example, there are two zero crossing points in the across and along-shelf flux at ST5 (Figures 8a and 8b) , the first around 110 mab and the second near 25 mab. Aside from an increase in off-shelf energy near the bottom that peaks between days 174 and 176, there is little further evidence of springneap variability in the time series, although the record is short.
Near-Inertial Energy Fluxes
Despite there being comparable energy in the near-inertial and semidiurnal kinetic energy spectra ( Figures  4b and 4e) , the much smaller density and therefore pressure perturbations in the near-inertial wave band result in energy fluxes being an order of magnitude weaker than those generated by the M 2 internal tide. This order of magnitude difference is consistent with analysis from the New England Shelf by MacKinnon and Gregg [2003b] . The depth-integrated deployment mean across-shelf fluxes at ST4 and ST5 are 1 and 26 W m 21 , respectively (Table 3) , and are focused in the surface mixed layer (Figures 7d, 7f , 8d, and 8f). Considering only positive across-shelf fluxes, then shoreward near-inertial energy transport averaged 4 and 9 W m 21 at each site. The weaker flux at ST4 tallies with the reduced level of inertial kinetic energy seen in Figure 5c .
Combined Near-Inertial and Tidal Flux
In order to assess whether or not energy input into the surface by wind events modifies baroclinic internal wave energy transport, fluxes within the combined f-to-M 2 frequency band (U T ) were computed. Considering solely the deployment mean depth integrals (Table 3) , it would at first appear that the inertial oscillations have a minimal impact. Since the net cross terms in equation (5) are zero with respect to the full depth and time integral,
and given the order of amplitude difference between U M2 and U f , the strength and direction of Ð t 0 Ð 0 2H U T dz dt is dominated by the semidiurnal contribution. However, these net fluxes mask (a) the true temporal variability and (b) an overall increase in energy being moved around the system. Post day 175, the magnitude of Ð 0 2H hU T i M2 dz increases significantly compared to the solely tidally driven flux (Figures 9a and 9b) . Toward the end of day 177 at ST4, an extra 80 W m 21 is attained over one tidal period, corresponding to a 50% increase in the flux. Similarly at ST5, there is more than a 50% increase in flux on day 176. In contrast, when semidiurnal motions dominate the residual currents between days 171 and 174 (Figures 3a and 3b) , there is no increase in flux magnitude. The extra energy within U T is distributed fully around 360 (Figure 6d ), visually demonstrating how the depth and time integral of the cross ). Semidiurnal (Figures 7a-7c ), near-inertial (Figures 7d-7f ), near-inertial to semidiurnal (Figures 7g-7i ). Note changes in the color scales. Vertical lines mark spring tides. terms are zero. There is an approximate 2 day counter-clockwise beating to U T that is felt throughout the entire water column (Figures 9c) , although the three-layer vertical structure is maintained (Figures 7i and  8i ). Relative to U M2 , this beat and increase in flux magnitude explains an additional O(10%) of the variance of the full flux time series (U) and is most noticeable post day 174.
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Further evidence for extra energy being moved around within the system is found by looking at the spectra of instantaneous fluxes (Figure 10 ). There is a broad primary peak in clockwise energy between M 4 and the interaction frequency M 2 1 f. Instantaneous energy flux induced by the semidiurnal tide alone accounts for the peak at M 4 (2 3 M 2 periods), since M 2 variability in pressure is 90 out of phase with semidiurnal velocities. The remainder of the peak near M 2 1 f is captured by including the near-inertial band of the internal wave spectrum. Note that U M2 1U f does not replicate this peak since it comes from the cross terms in equation (5). The 2 day counter-clockwise beat is also fully captured by U T and is very close to the inertial-tidal interaction frequency of 2.3 days (M 2 -f).
As is often the case in shelf sea environments, we are primarily concerned with the on-shelf supply (and dissipation) of energy. Isolating only positive instances of F u , inclusion of near-inertial motion increases onshelf energy fluxes by 43% and 25% at ST4 and ST5 to 40 and 60 W m 21 , respectively (Table 3) .
6. Discussion 6.1. Generation and Propagation of the M 2 IT Owing to the highly complex bathymetry, barotropic to baroclinic tidal energy conversion along the Celtic Sea shelf edge is exceptionally variable, both spatially and temporally. Using moorings deployed at ). Semidiurnal (Figures 8a-8c ), near-inertial (Figures 8d-8f ), near-inertial to semidiurnal (Figures 8g-8i ). Note changes in the color scales. Vertical lines mark spring tides. the shelf edge and on the steep slope during this same June 2012 cruise, Vlasenko et al. [2014] validate a model that pin-points internal tidal generation hot spots at the end of the headland and within the canyons either side. The wave systems generated propagate in all directions, on, off, and along shelf. In light of this, the 90 difference in M 2 flux direction between ST4 and ST5 ( Figure 6c ) is not surprising, with both sites likely to receive energy from multiple wave packets generated from different locations.
The mismatch between internal tide activity and the spring-neap cycle has been reported elsewhere. Remotely (as opposed to locally) generated internal waves propagating across the shelf break [Nash et al., 2012] , superposition of waves from multiple sources [Duda et al., 2013] , and wave-wave interactions are all processes that introduce unpredictability into the direction and timing of the internal tide. Changes in shelf break criticality in response to varying stratification (G. R. Stephenson et al., Storms modify baroclinic energy transport at the Celtic Sea shelf break: changes in stratification, submitted to Geophysical Research Letters, 2014), and advection by tide, wind, and mesoscale density-driven currents are also factors that would disrupt any expected spring-neap flux persistence.
Comparison of our flux estimates to previous studies must be done with care. Green et al. [2008] use data collected from a mooring located right on the shelf edge (in 200 m of water), in between ST4 and ST5 (marked in Figure 1b) . Their estimates are therefore likely to include significant amounts of energy from high-frequency waves that dissipate quickly and fluxes parallel to the shelf related to long-slope jet-like currents interacting with the topography [Holt and Thorpe, 1997] . Furthermore, they do not perform any filtering to isolate semidiurnal perturbations. Instead, their flux estimates are derived from a 12.5 h moving average window applied to unfiltered estimates of u 0 p 0 (comparable to the running averages plotted in Fig [Baines, 1982] , and 940 W m 21 [Inall et al., 2011] , a likely consequence of the high variability in the internal tidal generation force, threedimensional wave propagation, and differing duration and location of observations. Our estimates sit within the lower half of this range, but having been made outside of the internal tidal generation zone, we believe to be one of the best estimates to date of the internal wave energy that finally propagates into the interior of the Celtic Sea shelf once the lower-mode longer wavelength internal tide has been properly established. For comparison, tidally averaged full baroclinic energy fluxes generated in the interior of the Celtic Sea by local topographic rises (as opposed to at the shelf edge some 300 km away) average 14.2 W m 21 .
Looking elsewhere on the Northwest European Shelf, an on-shelf flux of 104 W m 21 has been observed on the Malin Shelf [Sherwin, 1988] , and 140 W m 21 in the Faroe-Shetland
Channel [Hall et al., 2011] , although the same caveat of a mooring location near the shelf edge also applies to these studies. Elsewhere in the world, at the New Jersey Shelf, and calculated from observations made sufficiently far from the shelf edge, the full internal wavefield drives a 130 W m 21 flux on-shelf, half of which is from the semidiurnal wave band [MacKinnon and Gregg, 2003b] . In the Southern California Bight, a much weaker 2.3 W m 21 across-shelf flux is sustained by the semidiurnal internal tide [Lucas et al., 2011] , calculated by band pass filtering the perturbation quantities and therefore comparable to our F M2 quantities.
Energy Dissipation
Since we do not have information on the density structure at ST3, we are unable to calculate energy dissipation () from the flux divergence. However, since the total inertial and semidiurnal energies (E 5 KE 1 PE) at ST4 and ST5 are known, we can estimate the total energy at ST3 by assuming that the same PE:KE ratios are applicable. The potential energy (PE) is calculated within 58 h windows from: suggest that a significant amount of baroclinic energy loss takes place at the seabed and also implies that dissipation rates decrease with distance from the generation site.
Taking the maximum positive on-shelf flux within the f-to-M 2 band (183 W m
21
, Table 3 ), and our lower estimate of dissipation (assuming that it is more representative of energy losses away from the more dynamic shelf edge), without any further input or interactions energy at ST4 and ST5 may travel another 35 km further onto the shelf-a minimum propagation of O(75) km from the generation site. These calculations have been done on the basis of energy and dissipation within the linear f-to-M 2 internal wave band alone and have necessitated some knowingly flawed assumptions. Nevertheless, our energy decay length scale sits in between the extremes previously reported by Green et al. [2008] and Inall et al. [2011] . Given the highly complex wavefield in this area however, and having not captured contributions from the nonhydrostatic waves, confident closure of an energy-dissipation budget would be unrealistic. Although a useful guide, these bulk estimates, that are so often made, mask the true episodic nature of dissipation and mixing in shelf seas.
Near-Inertial and Tidal Interaction
Explicit consideration of the cross terms in equation (5) facilitates an understanding of the physical mechanism increasing horizontal fluxes of energy following the development of wind-driven inertial oscillations. Taking the across-shelf component at ST5 as an example (Figure 11 ), the term u . It has the periodicity of the M 2 1 f interaction frequency ( 6:98 h). We propose that the dominant physical mechanism behind the importance of this term is a coupling between vertical shear from wind-induced oscillations and vertical velocities associated with the M 2 internal tide. The coupling is represented by the vertical nonlinear momentum terms in the equations of motion. The horizontal components of particle acceleration, 
where the last terms on the RHS account for accelerations resulting from interaction between a vertical velocity and a vertical current shear. Attributing specific processes to these motions, namely vertical velocities associated with the M 2 internal tide (w M2 ) and inertial current shear ( [Xing and Davies, 2002; Davies and Xing, 2003] . Additionally, following a typhoon, Guan et al. [2014] credit the occurrence of energy at the sum of the inertial and diurnal frequencies to the nonlinear vertical momentum term.
Calculation of the bulk shear between the upper and lower boundary layers further highlights the role of vertical inertial current shear in the coupling. Taking the 1027 kg m 23 isopycnal as the center of the pycnocline, the upper and lower-layer depth mean velocity components, (u s , v s ) and (u b , v b ), respectively, are calculated. The bulk shear vector components are then
where h is the total water depth (following Burchard and Rippeth [2009] Figure 13a ). At ST5, although not as clear, pulses in energy also coincide with increases and decreases in bulk shear (Figure 13b ). Inertial bulk shear is strong, if not dominant, during this latter deployment period (Figure 14) . During the first half of the time series (days 171 and 174), when there is little difference between U M2 and U T (Figure 9 ), semidiurnal shear, driven by the internal tide dominates. The coincidence of strong inertial shear and an increase in energy fluxes post day 174, following a period of semidiurnal shear prevalence and no corresponding increase in flux, is further supporting evidence for the role of du f dz as the physical coupling mechanism between inertial and tidal energy. Without strong vertical inertial shear, energy from the wind can not be transferred into the internal wavefield.
The approximate 2 day beating, very close to the M 2 -f frequency, is not due to nonlinear interaction, and no energy is carried at this frequency. It is simply the result of the two frequencies, f and M 2 , moving in and out of phase with each other. On its own this does not generate the additional energy at M 2 1 f, but can be thought of as phasing that determines whether the nonlinearly generated flux captured by the cross terms makes a constructive or destructive contribution with respect to the semidiurnal tide. At times marked by the stars in Figure 13a , f and M 2 current oscillations are aligned such that maxima in vertical inertial shear and IT vertical velocities coincide. The magnitude and direction of energy contributed from the subsequent interaction works to positively increase that already being transported by the internal tide. This could be thought of as the internal tide ''carrying'' the inertial energy (constructive interference). Conversely, it is also possible for internal tidal energy fluxes to be ''dampened,'' as suggested on day 177 at ST4 (Figure 9a ), if the contribution from the nonlinear coupling works against the linear internal tidal component (destructive interference).
Regime Shifts
The energy fluxes and bulk shear vectors presented here provide some of the first clear evidence of two distinct regimes: tidal and inertial. On day 174, there is a switch from a tidally dominated shear and energy regime to an inertially dominated system. The timing and balance between these two regimes is likely controlled by a variety of interconnected variables: the strength, development and persistence of wind events, the magnitude of the background internal tide, the timing of the spring-neap cycle, and the strength and structure of stratification, both across the shelf and over the shelf break. 
Journal of Geophysical Research: Oceans
10.1002/2014JC010011
The tidal regime between days 170 and 174 follows a prolonged and intense storm that failed to excite especially strong or long-lasting inertial oscillations. Instead, elevated wind stress acts to significantly deepen the surface mixed layer and tighten the pycnocline. In contrast, the inertial regime from day 174 onward is triggered by a sudden and short-lived storm (comparable to the local inertial period) that initiated strong inertial oscillations and increased inertial kinetic energy throughout the water column. During this time, nonlinear inertial-tidal interaction increases the magnitude of energy fluxes and introduces a 2-2.3 day counter-clockwise beating that distributes this energy in all directions, both off, on, and along the shelf.
Summary
We demonstrate how wind-generated near-inertial oscillations can modify baroclinic internal wave energy fluxes in a stratified shelf sea environment. Linear fluxes of baroclinic energy in the Celtic Sea are dominated by the semidiurnal tide, that outside of the complex generation zone drives 28-48 W m 21 directly onto the shelf. Given the complex three-dimensional nature of the generation and propagation, however, spatial variability is high and net flux vectors may differ by 90 or more within an IT wavelength. Horizontal energy fluxes driven independently by near-inertial motions are an order of magnitude weaker, but nonlinear interaction between the vertical shear of inertial-oscillations and the vertical velocity associated with the M 2 internal tide is a significant source of energy at the sum of their frequencies (M 2 1 f). The phase relationship between M 2 and f determines whether this nonlinear interaction constructively enhances or destructively dampens the linear tidal component of the flux, a phasing that introduces a 2-2.3 day counter-clockwise beating to the energy transport. Relative to the M 2 contribution, this beating and increase in flux magnitude explains an additional 10% of the variability of the full flux time series (not accounting for the highfrequency, nonhydrostatic component). Over individual tidal periods, inertial-tidal interaction resulted in a 50% increase in flux magnitude. Over the whole deployment, a 25-43% increase in positive on-shelf energy flux was observed. Our data set clearly identifies a switch between tidal and inertially dominated shear and energy flux regimes. These findings are highly relevant in the much needed development of mixing parameterizations for shelf sea models where nonlinear interactions and the processes driving temporal and spatial variability of shear, instability and consequently turbulence are of importance. Failure to represent the inertial-tidal interactions described here will lead to underestimation of the magnitude and episodic nature of turbulent dissipation and thermocline mixing.
